Introduction
Acute myelogenous leukemia (AML) describes a group of hematopoietic stem cell malignancies, affecting approximately 2 to 3 adults per 100 000 each year in Western countries. Cytogenetic aberrations represent one of the most important independent prognostic factors. Several studies have shown that good-risk cytogenetics, such as t (8;21) , are associated with significantly better survival than poor-risk chromosomal aberrations, such as monosomy 7 or monosomy 5 (reviewed in Lowenberg et al 1 ) . Novel treatment strategies take into account these prognostic factors to develop risk-stratified treatment options. The ultimate goal is to offer more intensive treatment options-autologous or allogeneic blood stem cell transplantation-to patients at high risk, thus sparing patients with favorable prognosis from toxicity. However, 40% to 50% of the patients have a normal karyotype according to standard cytogenetics. This patient group has intermediate disease-free survival (DFS) and overall survival (OS), 2 but individual courses may differ substantially. Little is known about the genetic factors responsible for the development of the disease in these patients. Identification of prognostic factors suitable to further subdivide this group may help to optimize their treatment.
The growth and differentiation of hematopoietic cells is governed by the concerted action of growth factors and their receptors. One of these receptors, FMS-like tyrosine kinase 3 (FLT3), 3 also called stem cell kinase 1 (STK1) 4 or fetal liver kinase 2 (flk2), 5 belongs to the group of class 3 receptor tyrosine kinases, together with other growth factor receptors such as c-Kit, PDGF-R, and c-fms (for review, see Shurin et al 6 ). The FLT3 protein is expressed on early hematopoietic and lymphoid progenitors 4, 7 and seems to play an important role in early stem cell survival and myeloid differentiation. 6 The protein is highly expressed in most patients with AML and in up to 50% of leukemic blasts in patients with acute lymphoblastic leukemia (ALL). [7] [8] [9] [10] [11] Recently, internal tandem duplication (ITD) mutations of the FLT3 gene have been described in approximately 20% of patients with adult AML [12] [13] [14] [15] [16] ; a lower incidence (5%-16.5%) has been reported in childhood leukemia. [17] [18] [19] These mutations cluster in exons 11 and 12 of the human FLT3 gene on chromosome 13q12, a part that codes for the juxtamembrane domain of the FLT3 protein.
Mutations typically consist of an in-frame inserted sequence corresponding to the region between amino acids (AA) 575 and 613 of the FLT3 protein. 20 This alteration induces constitutive activation of the protein 20 and leads to activation of downstream signal molecules, including STAT5, Ras, and MAP kinase, when transfected into 32D or BA/F3 cells. 21, 22 In AML patients, the FLT3-ITD mutations were found to be associated with increased leukocyte counts and were frequent in patients lacking other cytogenetic aberrations. The presence of FLT3 aberrations appears to be associated with an unfavorable clinical response. [14] [15] [16] 23 However, most studies published so far are limited in patient number, and patients were not treated according to a single protocol, which renders an assessment of the potential prognostic impact of this mutation difficult. More recently, point mutations in codon 835 of the FLT3 gene have been described in approximately 7% of patients with AML. 24 These mutations are located in the activation loop of the second tyrosine kinase domain (TKD) of FLT3 and constitutively activate the protein. 24 The prognostic relevance of this alteration is not yet defined. The aims of the present study were to characterize the incidence of FLT3-ITDs and FLT3-TKD mutations in a large (n ϭ 979), unselected, and wellcharacterized cohort of patients with AML and to study the potential prognostic impact of these alterations in patients treated on a single protocol. Finally, we addressed the origin and the prognostic relevance of differences in the prevalence of mutant and wild-type (wt) FLT3-ITD alleles.
Patients, materials, and methods

Patients
Nine hundred seventy-nine patients with AML (818 with de novo AML, 123 with AML and history of myelodysplastic syndrome [MDS] , and 38 with therapy-related AML) and 34 patients with RAEB-t were examined for the presence of FLT3 mutations. Most (n ϭ 816) of these patients were treated according to the AML-96 multicenter protocol of the German Süddeutsche Hämoblastose Group (SHG). A list of the participating study centers is given in the Appendix. A detailed description of this study has been published previously. 25 In this protocol, postinduction therapy was stratified according to cytogenetic risk groups for patients 60 years of age and younger. These risk groups were defined according to results of standard cytogenetic analysis as follows: high risk, Ϫ5/del(5q),Ϫ7/del(7q), hypodiploid karyotypes (besides 45, X,ϪY, or ϪX), inv(3q), abn 12p, abn 11q, ϩ11, ϩ13, ϩ21, ϩ22, t(6;9); t(9;22); t(9;11); t(3;3), multiple aberrations (ϭ 3 independent aberrations); intermediate risk, patients without low-risk or high-risk constellation; low risk, t(8;21) and t(8;21) combined with other aberrations. Patients with AML FAB-M3 were included in the European APL-93 trial when possible (Fenaux et al 26 ) .
In patients younger than 60, first induction therapy consisted of triple therapy with 10 mg/m 2 mitoxantrone (days 4-8), 100 mg/m 2 cytosine arabinoside (ara-C) (days 1-8), and 100 mg/m 2 VP16 (days 4-8) (MAV). Second induction consisted of 2 ϫ 1000 mg/m 2 ara-C (days 1-5) and 100 mg/m 2 m-AMSA (days 1-5) (MAMAC). Patients at intermediate cytogenetic risk were referred for allogeneic hematopoietic stem cell transplantation (HSCT) from an HLA-identical sibling donor. Patients at intermediate cytogenetic risk without a sibling donor and patients at low risk were randomized to receive intermediate dose ara-C (2 ϫ 1000 mg/m 2 every 12 hours days 1-6) (I-MAC) or high-dose ara-C (2 ϫ 3000 mg/m 2 every 12 hours days 1-6) (H-MAC) plus mitoxantrone (10 mg/m 2 days 4-6), which was followed by autologous peripheral blood SCT (intermediate cytogenetic risk) or MAMAC (low cytogenetic risk). Patients at high cytogenetic risk were referred for allogeneic HSCT, including the option of unrelated HSCT. Patients without a donor were treated with either I-MAC or H-MAC and were referred for autologous peripheral blood SCT.
Patients older than 60 received 2 induction cycles containing 45 mg/m 2 daunorubicin (days 3-5) and 100 mg/m 2 ara-C (days 1-7) (DA). Postremission therapy consisted of MAMAC.
Complete remission (CR) was defined as the presence of less than 5% blasts cells in a standardized bone marrow aspirate after the second course of induction. Only patients with a fully regenerated peripheral blood count were considered to be in CR.
This study was approved by the ethics board of the Technical University Dresden. Each patient gave written informed consent to participate in the study.
Patient samples
All samples investigated in this study were obtained at the time of diagnosis. Bone marrow samples were used whenever available. In all other cases, peripheral blood samples were examined. All samples were enriched for the blast fraction using density-gradient centrifugation (density, 1.077; BIOCOLL separating solution; Biochrom, Berlin, Germany). Genomic DNA was extracted from 5 ϫ 10 6 cells using either phenol-chloroform extraction after proteinase K digestion 27 or a silica-based procedure (Qiagen DNA Blood Kit; Qiagen, Hilden, Germany) according to the manufacturer's protocols. Total RNA was prepared using acid guanidinium thiocyanate-phenol-chloroform extraction 28 (RNAzol B; Biozol, Munich, Germany).
Polymerase chain reaction for exons 11 and 12
Polymerase chain reaction (PCR) was performed on genomic DNA using published primer molecules. 14 In brief, 1 L DNA was amplified in a volume of 50 L containing 50 mM KCl, 10 mM Tris-HCl, pH 8.3, 1.5 mM MgCl 2 , 0.001% (wt/vol) gelatin, 200 M dNTPs, oligonucleotides (FLT3-11F and FLT3-12R; 0.5 M each), and 1 U Taq DNA-polymerase (Perkin-Elmer, Norwalk, CT). The PCR consisted of an initial incubation step at 94°C for 150 seconds followed by 35 cycles at 94°C for 30 seconds, 57°C for 60 seconds, and 72°C for 120 seconds, and a final elongation step at 94°C for 30 seconds and 60°C for 10 minutes. PCR products were analyzed on standard 3% agarose gels. Reverse transcriptase (RT)-PCR was performed for those 38 samples for which no DNA was available. The RT reaction was performed as outlined recently. 29 In brief, 1 g total RNA was reverse transcribed using 200 U M-MLV RT (Superscript; Gibco BRL, Karlsruhe, Germany), in the presence of 40 U RNAse-inhibitor (RNAsin; Promega, Mannheim, Germany) in a total volume of 20 L. One microliter of the RT reaction was used for PCR.
PCR for exon 17 and RFLP analysis
PCR for the detection of mutations in codon 835/836 was performed using published primer molecules. 24 The conditions were identical to those mentioned above; however, hot start was performed using AmpliTaq Gold DNA polymerase (Perkin-Elmer). Five microliters PCR product was mixed with 5 L restriction mix containing 5 U EcoRV (New England Biolabs, Frankfurt, Germany) in 1ϫ Buffer 3 and was digested for 1 hour at 37°C. Agarose gel electrophoresis was performed as described above.
Genescan analysis of the mutant to wild-type FLT3-ITD ratio
For Genescan analysis, PCR primer FLT3 11F 14 was labeled with 6-FAM (TIB MOLBIOL, Berlin, Germany). PCR setup was identical to the standard PCR; however, AmpliTaq Gold DNA-polymerase (1 U; PerkinElmer) was used. PCR conditions were modified as follows: preincubation at 95°C for 11 minutes, followed by 30 seconds at 94°C, 30 seconds at 57°C, and 60 seconds at 72°C. The total number of cycles was 27. Quantitative addition of ϩA overhangs of all PCR molecules 30 was achieved using a final elongation step with 60°C for 45 minutes. The DNA concentration was determined and adjusted to 5 ng. Precautions taken to achieve reproducible results and the conditions of the Genescan analysis have been described recently. 31 Several parameters were tested for their influence on the quantitative results. Among these, the DNA concentration was particularly important (see above). Experiments using dilutions of cloned ITD-fragments with different sizes (18-111 bp) showed no effect of the size of the ITD on the quantitative result (data not shown). We analyzed DNA from the peripheral blood of 50 healthy persons using this technique and did not find any evidence for the presence of additional FLT3 signals.
PCR assay for the detection of allelic loss at 13q12
The principal basis of this assay has been described. 32, 33 The relative amplification of the FLT3 exon 11/12 region was compared to the genomic amplification of the human growth hormone gene (HGH), located on chromosome 17q22-24. 34 Primers for HGH were as described recently 35 ; primer HGH-s was labeled with HEX. PCR conditions were identical to those described for the analysis of the mutant/wt ratio (see above). DNA from 22 healthy persons and 12 AML patients with an FLT3 mutant/wt allelic ratio greater than 2 was analyzed. To assess the ability of this assay to measure an increase in FLT3 genomic equivalents, BAC (1-3 pg) DNA (see below) was added to a DNA sample of a healthy person, showing a linear increase with the added amount of BAC 85P08.
Sequence analysis
For sequence analysis of the FLT3-ITD mutations, DNA showing additional bands was amplified in a second reaction. PCR products were separated on 3% agarose gels, and the mutant bands were isolated and cloned into pCR 2.1 TOPO vectors (Invitrogen, Leek, The Netherlands). After the preparation of plasmid DNA, samples were sequenced using Big Dye Terminator cycle sequencing chemistry (ABI). Sequences were compared to the wild-type sequence (accession no. E970630). For analysis of the FLT3-TKD mutations, digested PCR products were separated electrophoretically, and the undigested bands were isolated as described above. The resultant DNA was used for direct cycle sequencing. If this approach did not yield sufficient data, EcoRV digestion was performed, and the undigested fragments were cloned and sequenced as described above.
Fluorescence in situ hybridization
Fifty different bacterial artificial chromosome (BAC) clones (RPCI-11 human male BAC library; BACPAC Resources, Oakland, CA) containing DNA from the chromosomal region 13q12 were selected and screened for the presence of the FLT3 gene by PCR. BAC-DNA was isolated from clone 85P08 (Qiagen Large-Construct Kit; Qiagen) and was labeled by nick translation (Vysis, Downers Grove, IL) with fluorophore-labeled dUTP (SpectrumRed; Vysis). For each fluorescence in situ hybridization (FISH) experiment, 200 ng probe mixed with 1 g COT-1 DNA (Boehringer Mannheim, Germany) and 2 g herring sperm DNA (Boehringer Mannheim) were applied per target area. FISH was performed as outlined recently. 36 A second probe (LSI 13, 13q14, SpectrumGreen, Vysis) was included in the analysis.
Statistical analysis
Using the Kaplan-Meier method, OS and DFS were calculated only for those patients who had been included in the SHG AML-96 study. 37 Cox regression analysis was performed to calculate the relative risk of patients with high FLT3 ratios. Comparisons between different groups were made using 2-sided Fisher exact test (dichotomic variables) or the nonparametric Mann-Whitney U test (continuous variables). P Ͻ .05 was considered significant. For multivariate analysis of prognostic factors, a proportional hazard regression model was used. Stepwise forward selection was performed. Variables were added at P Ͻ .01 and were deleted at P Ͼ .05. All calculations were performed using the SPSS software package, version 4.1 (SPSS, Chicago, IL).
Results
We The presence of any type of FLT3 mutation was significantly associated with absolute leukocyte counts and bone marrow blast counts (Table 1) . No association was seen between patient age at diagnosis and the prevalence of FLT3 mutations ( Figure 1A ). Compared with the overall incidence, the frequency of FLT3 mutations with respect to French-American-British (FAB) subtype was significantly lower in patients with M2 and M6 morphologies and was increased in patients with M5a and M5b ( Figure 1B) .
Correlation of cytogenetic data with the FLT3-ITD and TKD mutations is shown in Table 2 . Most FLT3-ITD mutations were observed in patients with normal karyotype as assessed by standard 44 of 445 with cytogenetic aberrations; P Ͻ .0001). Likewise, FLT3-TKD mutations were also significantly more frequent in patients with normal karyotype (50 of 415) than in those with cytogenetic aberrations (23 of 445) (P ϭ .0003). A significantly higher prevalence of FLT3-ITD mutations was found in patients with t(15;17) (31%; P Ͻ .0001), and in patients with TKD mutations there was a trend for a significantly higher prevalence (19%, P ϭ .056). The highest proportion of FLT3-ITDs was observed in patients carrying the t(6;9)/DEK-CAN fusion-9 of 10 patients were positive for the alteration (P Ͻ .0001).
DNA sequence analysis of FLT3-ITDs was performed in 97 patients, in whom 101 sequences were identified. In 93 patients a single sequence was found, and 4 patients displayed 2 different mutant FLT3-sequences. All fragments contained in-frame rearrangements; the median length of the inserted sequence was 54 bases (range, 6-180 bases). The ITD sequences included sequences from AA573 to AA620 of the FLT3 protein, thus the vast majority of mutations contained sequences from exon 11. A major cluster was seen for the stretch between codons 591 and 601, which was present in 60% of the ITDs. In 3 patients, sequences derived from intron 11 were identified in the inserted segment. Additional bases not matching FLT3 sequences were found in 45 of 101 FLT3-ITDs (45%), and in 2 patients the lengthened FLT3-PCR products contained 18 and 24 bases not related to FLT3 sequences.
Examples of the FLT3 exon 17 mutations are shown in Figure  2C . Confirmation of mutations by sequence analysis was performed in all 77 patients who had been identified by RFLPscreening. Eighty-seven mutations were found; 8 samples contained 2 different mutations, and 1 sample contained 3 different mutations (Table 3) . Transversion mutations of the first position of codon 835, either G-T or G-C, leading to amino acid exchanges from aspartic acid to tyrosine or histidine respectively, were the most common alterations, accounting for 52 of 87 mutations (60%). In contrast to these single-base exchanges, in 13 patient samples a complete deletion of codon 836 was identified. Two patient samples contained insertion mutations: one 3 bases, coding for arginine, the other sample contained a complex change with the amino acids leucine and lysine inserted after codon 835 in combination with a point mutation, changing isoleucine to serine in codon 836. None of the changes found altered the reading frame. In 10 of the 17 patients with an FLT3-ITD mutation and an FLT3-TKD mutation, analysis could be performed on the distribution of both mutations between the 2 copies of the FLT3 gene using PCR for exons 11 to 17 on cDNA material. Six of these patients showed a TKD mutation of the wt allele, whereas in 4 patients the analysis indicated the presence of the TKD mutation on the allele carrying the ITD mutation (data not shown).
Missing or very weak amplification of the genomic FLT3 wt alleles was observed in a subgroup of patients with FLT3-ITDs on standard agarose gels (Figure 2A ). This finding led us to study this phenomenon in more detail. First, a quantitative assay based on Genescan analysis was developed. This assay compares the relative abundance of wt and mutant FLT3 alleles. Genomic DNA from 121 patients with FLT3-ITD was analyzed. The ratio of mutant to wt FLT3 ranged from 0.03 to 32.56, with a median of 0.78. Repeated analysis in 42 patients gave almost identical results (median deviation, 0.04). Twenty (16.5%) patients were found to harbor more than one FLT3 mutant allele, and the median was 2 mutant alleles (range, 2-5). Fragments of corresponding length were detected using cloning and sequence analysis in 4 of these patients. In 16 patients, the FLT3 mutant/wt ratio exceeded 2; thus the intensity of the wt allele was half or less of the intensity of the mutant allele ( Figure 2D ). This might indicate a loss of the wt allele in these patients.
To analyze this phenomenon in more detail, we performed FISH. Metaphase preparations of 9 patients with FLT3-ITD showing a strong overrepresentation of the mutant allele (ie, mutant/wt ratio greater than 2) were screened for chromosomal loss at 13q12 using a BAC clone, which contained the FLT3 genomic region. None of these samples displayed loss of the FLT3 locus at 13q12 ( Figure 3A ). To exclude a deletion of only the FLT3 gene, a probe corresponding to the cDNA sequence was used that yielded ambiguous results because of low signal intensity. To clarify this, we used a PCR-based assay comparing the relative genomic amplification of FLT3 and the human growth hormone gene, HGH, a single copy gene localized on chromosome 17. The results are summarized in Figure 3B . We did not find any difference in the FLT3/HGH allelic ratio between healthy persons (n ϭ 22) and patients with a mutant/wt FLT3 allelic ratio greater than 2 (n ϭ 12). In contrast, we were able to demonstrate such a difference in a Note that the number of patients with individual aberrations adds to a higher number than the absolute number of patients with aberrations because several patients had more than one aberration.
P values were calculated using Fisher exact test. For individual cytogenetic aberrations, the groups were compared with other patients with abnormal karyotypes.
*Patients had t(6;9) as the sole abnormality (n ϭ 9); one patient with a FLT3-ITD had t(13;13)(q11;q11). †Three or more structural or numerical chromosomal aberrations. ‡P Ͻ .001; §P Ͻ .01; ʈP Ͻ .05.
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For personal use at PENN STATE UNIVERSITY on February 20, 2013. bloodjournal.hematologylibrary.org From patient with monosomy 13 proven by conventional and spectral karyotyping analysis. This might indicate that the observed loss of the wt-FLT3 allele was not due to allelic deletion but to the consequence of homologous recombination.
First, we correlated the presence of the different types of FLT3 mutations (ITD, TKD, or ITDϩTKD) with the clinical outcome in 640 patients treated in the AML SHG96 trial between 1996 and April 2000. Patients with AML-M3 were analyzed separately because they had been treated according to a different protocol (APL 1993 26 ). Patients treated by SCT were censored at the time of transplantation to eliminate the potential bias induced by this intensified treatment. Detection of an FLT3 aberration had no influence on the remission rate (CR rate in patients with de novo AML younger than 60, intermediate risk cytogenetics, FLT3-ITD negative, 66.8% (n ϭ 217); in patients with FLT3-ITDs, 71.2% (n ϭ 66). As shown in Figure 4A -D, the presence of an FLT3-ITD or a TKD mutation was associated with inferior OS and DFS for the entire group and for the group of patients younger than 60 with de novo AML/RAEB-t and intermediate-risk cytogenetics. However, these differences were statistically significant only for the DFS in patients with ITD mutations and the OS in young patients with TKD mutations. No significant difference was seen in patients with both types of mutations; however, this may be a result of the small sample size. The presence of an FLT3-ITD mutation was associated with a statistically increased risk for relapse ( Figure 5A ).
The patient with t(8;21) and FLT3-ITD is still in remission after 24 months. In addition, in the group of patients at poor risk, no difference was observed between FLT3-ITD-and TKD-positive and -negative patients in either OS or DFS. No significant difference was seen in the OS and DFS between patients with FLT3-ITD and those without this aberration in patients with t(15;17).
We next analyzed the impact of the FLT3 mutant/wt ratio. Patients were grouped according to a FLT3 ratio below or above the median of 0.78 ( Figure 6A ). As shown in Figure 6 for the DFS in patients with AML who were younger than 60 years and had intermediate-risk cytogenetics, we observed highly significant shorter OS and DFS in patients with ratios above the median than in patients with ratios below this value and compared with FLT3-ITD patients ( Figure 6B-C) . No only.
For personal use at PENN STATE UNIVERSITY on February 20, 2013. bloodjournal.hematologylibrary.org From significant difference in OS and DFS was observed between the latter 2 groups. The probability of relapse was significantly increased in these patients ( Figure 5B ). Cox regression analysis showed a relative risk of relapse of 1.6 (95% confidence interval, 1.204-2.169; P ϭ .001) in patients whose mutant/wt ratio was greater than 0.78 compared with patients without FLT3 aberrations. To further characterize these risk groups, we also looked for patients whose ratio was below the 25 th percentile (ratio Յ 0.37; group 1) compared with patients whose ratio was between the 26 th and 74 th percentile (ratio Ͼ 0.37 Յ 0.95; group 2) and those above the 75 th percentile (ratio Ͼ 0.95; group 3) and the FLT3-ITD patients (group 4) ( Figure 6D ). Here again, patients with the highest ratio (group 3), strongly arguing for allelic loss, had a highly significant shorter OS and DFS than the other 3 groups. Fifteen patients with FLT3 mutant/wt ratios greater than 2 had the worst clinical course; 14 of 15 died by 12 months. The surviving patient underwent allogeneic blood stem cell transplantation.
We also compared the clinical variables in the different groups. Patients with high mutant/wt ratios were found to have significantly higher WBC and BM blast counts than patients with low ratios, but these groups did not differ significantly with respect to age, FAB subtype, or karyotype characteristics.
Multivariate analysis was performed to investigate whether FLT3 aberrations represented an independent prognostic factor. We included several known risk factors in the model (age, cytogenetics, WBC, sAML) and FLT3 aberrations (ITD, TKD, and ITDϩTKD mutations) and the FLT3-ITD ratio. As shown in Table 4 , though FLT3 mutations were not associated with OS and DFS on multivariate analysis, a high mutant/wt ratio was found to represent an independent prognostic factor with odds ratios between 1.8 and 8.
Discussion
We have analyzed the frequency of FLT3 gene mutations in 979 patients with AML. The overall incidence of FLT3 tandem 
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For personal use at PENN STATE UNIVERSITY on February 20, 2013. bloodjournal.hematologylibrary.org From mutations was 20.4% (200 of 979), which is consistent with numbers reported by other groups. 12 In the same cohort of patients, point mutations of the activation loop of the second tyrosine kinase domain (AA 835/836) were identified in 7.7% (75 of 979). Taken together, constitutive activation of FLT3 was present in 26.4% (258 of 979) of these patients, which indicates that FLT3 is an important target of mutational activation in adult AML.
Comparison of FLT3 mutational data and the clinical and cytogenetic findings revealed several parallels between the 2 types of mutation. FLT3-ITD and TKD mutations were associated with similar clinical features-that is, both aberrations were associated with significantly higher WBC and higher numbers of bone marrow blasts ( Table 1) . As a novel finding, our data indicate that mutational FLT3 activation was significantly increased in patients with AML FAB M5, among whom approximately 40% carried a mutated FLT3 gene. FLT3 is persistently expressed during monocyte differentiation, 38 and the addition of FLT3-L is needed for optimal differentiation of monocytes from CD34 ϩ cells. 39 Thus, constitutive activation of FLT3 might be associated with monocytoid differentiation. In contrast, FAB subtypes M2 and M6 were significantly less frequently associated with FLT3 activation, which is also in line with the expression patterns of this protein during only.
For personal use at PENN STATE UNIVERSITY on February 20, 2013. bloodjournal.hematologylibrary.org From normal hematopoietic differentiation. With respect to the cytogenetic data, ITD and TKD mutations were approximately 3 times more prevalent in patients with normal karyotype than in patients with cytogenetic alterations. Most patients with cytogenetic aberrations showed a low number of FLT3-ITD mutations ( Table 2) . As an exception, a higher number of FLT3-ITDs and TKD mutations (30.2% and 19%, respectively) was observed in patients with t(15;17), a frequency similar to or even higher than that observed in the entire group. Two other groups reported incidences of 20.3% 40 and 28.6% 41 FLT3-ITD-positive patients with t(15;17). Thus, there appears to be an increased incidence of FLT3-aberrations in patients with the PML-RAR ␣ rearrangement. The rate of FLT3-ITDs in 10 patients with t(6;9), 9 of whom showed this mutation, was unexpectedly high. Given the low frequency of the t(6;9) of approximately 1%, 42 the association appears highly significant and may give clues to the genetic background of the FLT3 mutations (see below).
Our results on the prognostic relevance are in line with other reports [14] [15] [16] showing that the presence of an FLT3-ITD mutation is associated with worse clinical response. However, the prognostic impact of FLT3-ITDs in our study was less pronounced than in other reports and reached statistical significance only for DFS. Several factors might be responsible for this observation. The overall follow-up time in our study is only 12.2 months (range, 0-60.3 months). Because autologous or allogeneic SCT could influence the outcome, patients treated with transplantation were censored at the time of transplantation, which further shortened the follow-up time. The fact that 140 patients underwent transplantation might affect the analysis because these patients are not eligible for the long-term outcome.
Differences might also be attributed to the assessment of FLT3-ITDs. In the present study, we regarded any additional FLT3 signal as ITDϩ. However, using a quantitative assay based on Genescan analysis after PCR with fluorescently labeled primers, we found considerable heterogeneity of the mutant/wt ratio in 121 FLT3-ITDϩ patients analyzed, with a median ratio of 0.78 (range, 0.03 to 32.56). When we looked for the prognostic relevance of this ratio, we saw that a high ratio of the ITD allele compared to the wt allele conferred a negative prognostic impact with respect to OS and DFS ( Figure 6 ). However, because of our results, the poor outcome was not confined to patients with clear loss of the wt allele, which was already visible on standard agarose gels, but appeared to increase dramatically when the ratio of the mutant/wt FLT3 exceeded 1. These patients had a significantly increased rate of relapse; even more important, recurrent disease developed rapidly, with a median OS time of 8 months in patients otherwise considered at intermediate risk. Multivariate analysis showed that a high mutant/wt ratio was an independent prognostic factor for worse OS and DFS (Table 4 ). In contrast, as shown in Figure 6 , patients with low allelic ratios did not have significantly different OS and DFS than patients without FLT3-ITD mutations. When other groups were chosen-patients with the lowest quartile (ratio 0.37 or lower), intermediate 50% (ratio 0.38-0.95), and highest quartile (ratio 0.95 or higher)-this discrimination was even more evident ( Figure 6D ). The results presented here are well in line with data published during the review of this manuscript. Whitman et al 43 reported data indicating that FLT3 allelic loss occurs in approximately 10% of patients with FLT3-ITD mutations and that patients with allelic loss have a significantly inferior outcome. Thus, besides the information on the presence of a FLT3 aberration, quantitative determination of the ratio between mutant and wt FLT3 alleles might be of major prognostic importance.
In contrast to allelic loss, the presence of both types of mutations (ITD and TKD) in a patient was not associated with a different clinical course. However, the precise prognostic relevance of FLT3-TKD mutations remains open. Although FLT3-TKD mutations had a similar effect on WBC counts and BM blasts and tended to be associated with lower OS and DFS, this association was not significant in most patients. In addition to the reasons discussed regarding the follow-up, we did not analyze the transforming activity of the different TKD mutations, which may differ considerably, as has been shown for the fms tyrosine kinase. 44 Clearly, this must be done to elucidate the clinical importance of this change.
Evidence for allelic loss at 13q12 with loss of the wt FLT3 allele (ie, mutant/wt ratio greater than 2) has recently also been reported by others. 45 However, we did not find any evidence of genomic deletion in FISH assays using a 100-KBp BAC fragment corresponding to chromosomal region 13q12. To further clarify this issue, we performed differential PCR, which also failed to show significant differences in the allelic ratios between normal diploid samples and the patients.
There are several potential explanations for this observation. First, the deletion could have involved only parts of the FLT3 gene, which stretches over a total of 35 kb. Alternatively the wt FLT3 gene could have been deleted by homologous recombination, a mechanism of loss of heterozygosity frequently observed in solid tumors. 46 The substitution of the wt FLT3 allele by the mutant would explain why we did not observe a genomic deletion of this locus. The finding that FLT3 aberrations were abundant in patients with normal karyotype according to conventional cytogenetics and less frequent in patients with typical aberrations indeed points to a novel mechanism of leukemia development in this group of patients.
Kiyoi et al 20 postulated that the palindromic DNA sequence between codons 593 and 602 of FLT3 favors the formation of secondary structures, thus leading to the tandem mutation. Sequence analysis in 101 mutated FLT3 sequences in our study indicates that the main cluster of the mutations lies between codons 591 and 601, which supports this hypothesis. Nevertheless we observed a substantial number of patients without involvement of this stretch or the insertion of nucleotides not matching FLT3 sequences. This points to a more complex background of the FLT3 aberrations. Furthermore, 20 (16.5%) of the patients with FLT3-ITDs contained several clonally unrelated mutations, which indicates that FLT3 aberrations are potentially not the causative event but the result of an inherent genetic instability of the leukemic cells due to an as yet undefined defect. In this context, the association of FLT3 mutations with 2 translocations, t(15;17)/PML-RARA and t(6;9)/DEK-CAN, observed in our study deserves attention. FLT3-ITDs were observed in 90% of patients with DEK-CAN fusion ( Table 2 ). The can gene on chromosome 9 codes for a part of the nucleoporin complex. 47, 48 In contrast, the role of the DEK protein is largely unknown. Meyn et al 49 have shown that the carboxyterminal 35 amino acids of DEK are able to revert the genetic instability of ataxia-telangiectasia-mutated (ATM) cells, indicating that DEK might function in controlling genetic stability. The DEK-CAN fusion protein lacks these terminal 35 amino acids. More recently, DEK has been shown to be important in the maintenance of chromatin structure and seems to be an essential part of the replication machinery. 50 A significant increase of FLT3-ITD and TKD mutations was also observed in patients with t(15;17). The PML gene involved in t(15;17) is an interferoninducible gene that encodes a RING-finger protein typically concentrated within nuclear structures called PML nuclear bodies only.
For personal use at PENN STATE UNIVERSITY on February 20, 2013. bloodjournal.hematologylibrary.org From or PML oncogenic domains. 51 Overexpression of the PML protein induces growth arrest; however, the precise function of the protein is still not fully understood. Recently, the PML protein was found to interact with the Bloom syndrome gene, BLM, a RecQ DNA helicase whose absence induces genomic instability and high levels of sister-chromatid exchange, indicating that PML might also be involved in controlling genetic stability. 52 Thus it is tempting to speculate that alterations of PML, DEK, or other proteins involved in chromosomal stability might be relevant in the development of FLT3-ITD.
In summary our data indicate that FLT3 mutations are a common alteration in adult AML. Patients with the FLT3-ITD mutation and a loss of the wt-FLT3 allele seem to have a worse prognosis. In this regard, we believe that the use of fluorophorelabeled primer molecules and denaturing gel electrophoresis offers several advantages compared with conventional gel analysis. This mode of detection enables the unambiguous separation of single or multiple mutant FLT3 fragments. In addition, it allows calculation of a ratio between the mutant and the wt FLT3 alleles that might be more accurate and sensitive in the detection of allelic loss and that might add prognostic information to the qualitative detection of FLT3 alterations. This may help to identify high-risk patients who should potentially be offered more intensive treatment options. Clearly, the prognostic value of this ratio has to be analyzed in future prospective trials.
